Abstract-This paper proposes a novel hierarchical control strategy for improvement of load sharing and power quality in ac microgrids. This control framework is composed of a droop-based controller at the primary level, and a combination of distributed power sharing and voltage conditioning schemes at the secondary level. The controllers in the primary level use GPS timing technology to synchronize the local reference angles. The voltage reference of each distributed generation is adjusted according to a voltagecurrent (V-I) droop characteristic to enable proper current and power sharing with a fast dynamic response. The droop coefficient, which acts as a virtual resistance, is adaptively changed as a function of the peak current. This strategy not only simplifies the control design but also improves the current sharing accuracy at high loading conditions. The distributed power sharing scheme uses consensus protocol to ensure proportional sharing of average power. The voltage conditioning scheme produces compensation signals at fundamental and dominant harmonics to improve the voltage quality at a sensitive load bus. Experimental results are presented to validate the efficacy of the proposed method.
ally, the DGs are coordinated by using the conventional droop strategy. In this method, the frequency and amplitude of the DG reference voltage are computed according to an active powerfrequency and reactive power-voltage droop characteristics. The conventional droop method is independent from network topology, does not require any communication network and is simple to implement [3] . However, this method is known to be incompatible with the resistive network impedance, and unbalanced/nonlinear nature of the loads in practical MGs [4] . To alleviate those shortcomings, several modified droop control methods have been developed [3] [4] [5] [6] , among which virtual impedance-based schemes are the most widely accepted [6] .
The virtual impedance schemes achieve a fast dynamic response by modifying the DG voltage according to the DG output current. Furthermore, proper sharing of negative sequence and harmonic currents is achieved by selecting the virtual impedance of each unit inversely proportional with its power rating. However, in weak islanded MG, where the line impedance is considerable, accurate load current sharing requires large virtual impedances which may produce a large voltage distortion [7] . Therefore, there is a tradeoff between current sharing accuracy and power quality.
To compensate for the voltage drop on the lines, a virtual capacitance [8] or an adaptive negative virtual resistance [9] can be employed. However, those schemes require the knowledge of line impedances and network topology. An alternative approach is using a hierarchical control structure, composed of primary and secondary levels [10] . The primary controller comprises local DG controllers, which use a combination of droop control method and virtual impedance to coordinate the power generation of DGs and share the harmonic loads between them. The secondary controller produces compensating signals so as to improve the voltage quality in a so-called sensitive load bus (SLB). The compensation signals are broadcasted to the local controllers to adjust the DG reference voltage accordingly. The hierarchical control scheme has been further elaborated in [11] to enhance the frequency regulation. However, the methods of [10] and [11] have some important limitations: 1) In order to minimize the communication bandwidth and reduce the adverse effects of communication delays, the voltage of the sensitive load bus is transformed to synchronous rotating frame (dq-frame) and then transformed back to stationary frame (αβ-frame) in local controllers. On the other hand, each controller uses the phase angle of its local voltage for Park transformations. Since the voltage angle varies throughout the MG, this process results in transformation errors, which may degrade the performance when the DGs are electrically far. Consequently, current sharing and also voltage quality might deteriorate.
2) The selective virtual impedance scheme is not only complex to implement but also suffers from slow dynamics.
3) The voltage drop across the lines degrades the performance of virtual impedance scheme in terms of current sharing accuracy. The effect of line impedances can be compensated by means of distributed control techniques as discussed in [12] and [13] [14] [15] . However, since the secondary controller is characterized by slow dynamic response, it does not prevent transient overcurrent stresses. 4) The control methods proposed in [10] and [11] are based on the assumption of inductive network impedances. However, the low-voltage MGs are mainly resistive in practice. In this paper, a novel hierarchical control framework, comprised of primary and secondary control levels is proposed to alleviate the aforementioned problems. The main contributions of this paper are as follows:
By extending the voltage-current (V-I) droop concept [16] , a new primary control scheme is proposed to achieve accurate current sharing with fast dynamic response. In this method, each DG is synchronized with a common synchronous frame through GPS timing technology. Additionally, the reference voltage is adjusted based on an adaptive V-I droop characteristics to ensure proportional sharing of the load current among the DGs.
While the basic V-I droop method [16] is implemented in the dq reference frame, the proposed scheme is based on abc frame to enable fast sharing of harmonic components. Moreover, the droop coefficient is adaptively updated according to the peak current to ensure improved accuracy at high loading conditions. This approach highlights the significance of limiting the peak output current of each DG unit to its current ratings.
In contrast with [6] , [10] , [11] , [13] [14] [15] , [17] , which add a virtual impedance to the conventional droop scheme to enable sharing of the harmonic currents, the proposed primary controller integrates the fundamental and harmonic current sharing into a single V-I droop controller. So, the structure of the proposed primary controller is significantly simpler compared to [6] , [10] , [11] , [13] [14] [15] , [17] .
In order to improve the power quality and alleviate the effect of line impedances on the active power sharing, a novel secondary control scheme is proposed. The secondary controller includes a distributed power sharing controller and a centralized voltage conditioning scheme. The distributed power sharing controller acts upon an agent-based structure, in which each agent modifies the d-axis fundamental voltage of the corresponding DG unit according to the difference between the normalized power of the unit and the neighbor units. The voltage conditioning scheme uses a simple integral controller to compensate the voltage deviations and distortions at the SLB.
The rest of the paper is organized as follows. The problem of proportional current sharing in MGs and the conventional solutions are addressed in Section II. The proposed method is introduced in Section III and controller design guidelines are presented in Section IV. Experimental results are presented in Section V. Section VI concludes the paper.
II. PROPORTIONAL CURRENT SHARING IN ISLANDED MGS
Consider the islanded MG of Fig. 1 . The MG includes N DG units, which are connected to the point of common coupling (PCC) through low voltage lines. The last stage of each DG is a power electronic inverter and a passive LCL filter. The MG supplies a combination of linear/nonlinear and balanced/unbalanced loads.
The sharing of load current between the DGs is dependent on the output voltages. Therefore, it is possible to achieve proper load sharing by coordinating the output voltages of the individual units. In this section, the conventional current sharing strategies and their shortcomings are discussed.
A. Virtual Resistance Scheme
The conventional droop method suffers from several issues including slow dynamics, frequency and voltage fluctuations, and degraded sharing accuracy under nonlinear and/or unbalanced loading conditions [2] . One solution for improving the dynamic performance and sharing accuracy is to introduce a virtual resistance in the DG output [6] 
where v * c , R v , and i o are the reference voltage, virtual resistance, and output current, respectively. Furthermore, E 1+ is the fundamental reference voltage obtained from P-V/Q-f droop control method [6] . In order to perform proper current sharing, the virtual impedance of each unit is selected inversely proportional to its power rating
where S rated k is the rated apparent power of unit k. This scheme is used along with the P-V/Q-f droop method to allow equal sharing of negative sequence and harmonic components.
The effect of virtual resistance on the sharing of harmonic currents can be analyzed based on the equivalent model of Fig. 2 . The dynamics of the inner voltage control loop is neglected in this equivalent circuit as its time constant is much smaller compared with the droop controller. Using KVL and KCL, the output current of unit k is obtained, as follows: Comparing (2) and (3), it is observed that the accuracy of current sharing is adversely affected by the output inductor and line impedances. Accurate current sharing necessitates selecting a virtual resistance much larger than(z h ck + z h linek ). On the other hand, the value of virtual resistance is limited by the permissible voltage deviations. Therefore, the sharing accuracy of the virtual resistance method might be poor in practice [18] .
B. Selective Virtual Impedance Scheme
Since the fundamental power factor is higher than 0.7 in practice, the fundamental voltage deviations caused by a virtual resistance is higher compared with a virtual inductance with the same impedance. In order to attain a desirable voltage regulation while taking advantage of the improved damping of the virtual resistance, the virtual impedance scheme is adopted. In this method, the reference voltage corresponding to harmonic order
where E h k is equal to E 1+ k for the fundamental positive sequence component and zero, otherwise. Moreover, Z h v is the virtual impedance matrix, which is defined as
This virtual impedance method is commonly implemented in αβ reference frame. The main challenge for implementation of the virtual impedance scheme is extraction of the αβ components corresponding to each of the dominant harmonics. An straightforward solution is transforming the signal to the synchronous rotating reference frame (SRRF) rotating with angular speed of hω 0 , averaging the d and q components of the signal to remove the other components and transforming the averaged components back to the αβ frame [11] . However, the averaging filters incur a delay, which slows down the current sharing dynamics. In order to improve the current sharing dynamics, a multiresonant frequency-locked loop harmonic extraction method is proposed in [19] . Nonetheless, this method is complex and computationally expensive.
C. Effect of Harmonic Compensation on Current Sharing
The voltage drops across the virtual impedance, DGs output inductors, and the lines give rise to voltage distortions at the PCC. In order to improve the quality of voltage, secondary harmonic compensation schemes are adopted [10] , [11] , [15] , [17] . In these methods, a secondary controller calculates a compensation command for each of the dominant harmonics. The compensation commands are broadcasted to the local controllers via a communication network. Based on the received commands, each local controller adds a compensation voltage to its output voltage.
To reduce the communication bandwidth, the compensation commands are broadcasted in the form of d and q components. This necessitates the utilization of Park and inverse Park Transformations at the secondary and local controllers, respectively. Such transformations cause an error in the received compensation command due to the mismatch between the reference angles of the secondary and local controllers.
The effect of transformation error on the current sharing among the DGs can be analyzed based on the MG model of 
It should be pointed out the angles θ refi and θ refs are conventionally extracted from the local voltages by means of a PLL [10] , [11] , [15] , [17] . Therefore, an unintentional mismatch exists between θ refi and θ refs due to the line impedances. As a result, the compensation voltages of each local controller varies depending on the corresponding voltage angle and the harmonic order. From Fig. 2 , the current of unit 1 is calculated using superposition theorem as shown in
Equation (8) implies that the transformation error alters the current sharing between the units. Moreover, the effect of transformation error is escalated at higher order harmonics. This unintentional and uncontrolled issue might cause circulating harmonic currents among the units and expose some units to overcurrent stresses under high loading conditions. In Section III, a solution is proposed to tackle this problem.
III. PROPOSED CONTROL METHOD
In order to improve the current sharing accuracy in islanded MGs while ensuring high power quality, a novel control strategy is proposed in this paper. The proposed control method for a general MG consisting of N voltage-controlled DGs and several loads, which can be balanced, unbalanced, linear or nonlinear is depicted in Fig. 3 . The control framework is comprised of primary and secondary control levels. At the primary level, a new droop controller is proposed to enable sharing of load current among the DGs with a fast dynamic response. The secondary control level includes a centralized voltage conditioning module and distributed power sharing control agents. The individual control agents and the voltage conditioning module are interconnected through a low bandwidth communication (LBC) network. Additionally, the DG units are synchronized by GPS timing technology.
The inverter reference voltage is obtained as the summation of the droop and secondary control signals. A cascaded control scheme comprising Proportional-Resonant (PR) voltage and current controllers is used in the inner control loop to track the reference voltage [20] .
A. GPS-Based Time Synchronization
GPS synchronization is widely known for its application in phasor measurement units for high voltage power systems [21] . Over the recent years, however, GPS technology has been also used in small scale applications. Particularly, low cost microsynchrophasors, have been suggested for smart-home measurement systems [22] . Additionally, several GPS based control schemes have been proposed for MG applications [23] [24] [25] [26] [27] [28] . In comparison with the conventional droop method, GPS-based approaches favor from fixed frequency operation but also simple and smooth connection of individual units [29] . In the proposed method, GPS technology provides additional advantages. Specifically, 1) As detailed in Section II-C, the PLL-based synchronization gives rise to Park transformation errors in the secondary control layer. Therefore, the accuracy of harmonic current sharing might degrade. This issue can be resolved by using GPS, which provides a global reference angle for secondary and local controllers. 2) With GPS synchronization, all units can be coordinated with a common SRRF. In this context, voltage-current droop characteristics can replace the conventional P-f and Q-E droop characteristics [30] . Hence, faster and more accurate current sharing can be achieved. A GPS receiver calculates its three dimensional position as well as the offset between its local time and Universal Coordinated time (UTC) by comparing the time delay of the signals received from four of the GPS satellites. A 1 pulse per second (1-pps) signal is then generated, the rise time of which is in synchronism with the UTC. The 1-pps signal can be used as a time reference for synchronizing several distributed units. The schematic diagram of the GPS timing block is illustrated in Fig. 3(b) . As seen, the rise time of the 1-pps signal generated by the GPS receiver is captured by the timer module of the local controller. The difference between the captured time, t GPS , and the local time, t local , is multiplied by the fundamental frequency, ω 0 to obtain the reference angle of the local SRRF, θ s . Since the 1-pps signals generated by each GPS receiver unit are synchronized with the UTC, the reference angle of each local controller is synchronized with a global SRRF.
In the ideal case that the frequency of local oscillator is fixed at nominal value, a single GPS pulse is enough to indefinitely align the local time with the UTC. In practice, however, the oscillator frequency drifts due to temperature variations and aging [31] . That is the reason a 1-pps signal is used to repeat the process of the time alignment each second. It should be highlighted that the low rate of the GPS signal is in accordance with small frequency drift of off-the-shelf oscillators. As detailed in [29] , the accuracy of GPS-based synchronization is less than 1º with for a typical oscillator frequency drift of around 1 part per million.
In case of GPS signal interruption, the local time gradually deviates from the UTC. Therefore, the current sharing is degraded and in the long term and the system might become unstable. This problem can be solved by using an adaptive Q-f droop controller as a backup for GPS synchronization in [29] .
B. Droop Control Strategy
In this section, a new decentralized control method as an extension for V-I droop concept [16] is proposed to enable fast and accurate current sharing. In this method, the primary control action of unit k is defined according to the following adaptive voltage-current droop law:
where r vk is the adaptive virtual resistance, which is adjusted according to the largest peak of the abc output currents,î ok . Furthermore, the no-load reference voltage, E 0abc , is a balanced sinusoidal voltage with rated amplitude and frequency:
(10) Equation (10) implies that the phasor of the no-load voltage set point is aligned with the d-axis of the global SRRF.
The proposed droop controller provides a simple and unified droop scheme for sharing of fundamental active and reactive power as well as harmonic components. The salient feature of the proposed droop method is the emphasis on the accurate sharing of instantaneous current instead of power (conventional droop [32] ) or d and q components of current (basic V-I droop [16] ).
The adaptive virtual resistance is defined as follows: where R vk is the maximum virtual resistance, which is selected based on the maximum permissible voltage deviations. Moreover, g is a monotonic piecewise linear function with a maximum value of 1. The mechanism of operation of the proposed droop method is explained based on the model of Fig. 2 . Consider a MG composed of two DG units with equal power ratings. Using current division rule, the output current of unit 1 is expressed as
Substituting (11) into (12) and rearranging the terms, the following expression is obtained:
Ideally, the load current is shared equally between the units and the second term on the right hand side of (13) is zero. In practice, however, the mismatch between the line impedances gives rise to the sharing error. By using the presented adaptive virtual resistance, if the peak current of unit 1 is larger than unit 2, the term g(î o2 ) − g(î o1 ) goes negative, hence reducing the current of unit 1. Otherwise, g(î o2 ) − g(î o1 )goes positive, thus increasing the current of unit 1. Therefore, the proposed scheme improves the current sharing accuracy compared to the conventional virtual resistance method. Additionally, the sharing accuracy is improved at higher loading conditions due to the higher slope of the function g. This way, the DGs are protected from overcurrent stresses without imposing additional voltage distortion. It is worth mention that although the increase of r vk causes higher voltage distortion at high loading conditions, since g max = 1, the maximum distortion is the same as the fixed resistance case.
The block diagram of the proposed droop scheme is depicted in Fig. 3(c) . An absolute value block followed by a max block detects the phase with the largest instantaneous magnitude of current. A classic peak detector [33] then extracts the largest peak of the output currents. The adaptive virtual impedance is calculated according to (11) and multiplied by the instantaneous currents to obtain the virtual resistance voltage drop. Finally, the primary control action is achieved by subtracting the virtual resistance drop from the no-load voltage.
C. Distributed Power Sharing Controller
The adaptive droop method proposed in Section III-B, resolves the challenge of accurate load sharing at high loading conditions to prevent overloading. However, it might be technically or economically desirable to accurately share the active power at low/medium loading conditions as well. To achieve this objective, a novel distributed power sharing control method is proposed in this section.
Assuming the output voltage is aligned with the d-axis, the active power is proportional to the i Fig. 4 . For simplicity, the DGs are assumed identical and the impedance of line 2 is assumed zero. In Fig. 4(a) , the voltage correction terms are zero. So, both DG1 (solid line) and DG2 (broken line) droop characteristics start from E 0 and drop with a rate of r v . However, due to the voltage drop on line 1, the voltage of DG1 is higher. As a result, DG1 supplies a smaller current compared to DG2. In case of Fig. 4(b) , a negative voltage correction term is applied to DG2. As a result, the droop characteristic of DG2 is shifted down and even current sharing is achieved.
The schematic diagram of the power sharing controller is illustrated in Fig. 3(d) . In order to achieve proportional power sharing among the units, the voltage correction term for DG unit i is updated based on the consensus protocol [34] . In this method, each local controller is regarded as a control agent. The information state of agent i, x i is defined as the normalized active power of the unit:
where P i and P rated i refer to the total (fundamental plus harmonic) active power and rated power of unit i, respectively. The information states are shared between the agents, through a sparse communication network. The state of each agent is updated based on the received information form the neighbors:
where the communication weight, a ij , is a constant positive number if agent i receives information from agent j and zero, otherwise. If the distributed communication network contains minimum connectivity, all of the states will converge to a common value: x 0 = x 1 = . . . = x n [35] . In other words, the load active power will be proportionally shared among the DGs.
D. Voltage Conditioning Module
As shown in Fig. 3(a) , the voltage conditioning module is composed of a harmonic extraction block and an integral controller. The harmonic components of the SLB voltage are extracted according to the method proposed in [36] . The compensation signal corresponding to harmonic order h, v h cmp , is then computed by means of an integral controller, as follows:
where Since all of the local controllers are synchronized by means of GPS technology, the Park/inverse Park transformation errors, which are addressed in Section II-C, are eliminated. Therefore, all DG units exert an identical compensation voltage, and the current sharing remains unchanged.
IV. CONTROLLER DESIGN
The maximum instantaneous voltage deviation, Δv max , following a step load change is related to R v as follows:
Assuming a maximum step load change of 1 p.u. and a maximum voltage deviation of 10%, the maximum virtual resistance is selected as 0.1 p.u. According to the small signal analysis presented in [16] and [29] , a virtual resistance of 0.1 p.u. also satisfies the stability criterion.
The function g is designed considering the following points: 1) to improve the current sharing accuracy at higher loading conditions, g should be monotonically increasing; 2) to simplify the implementation, a piecewise linear characteristic is adopted; 3) the minimum value of g is selected so as to achieve a reasonable sharing accuracy at low loading conditions; 4) the function is normalized. The design of the piecewise linear function g involves the selection of a set of breakpoints. In this paper, the breakpoints are selected at 0%, 60%, 80%, 90%, and 100% loading.
The function g is illustrated in Fig. 5 . For the low loading region, the function is constant. The coordinates of the breakpoints can be denoted as the following: 1) . Intuitively, the parameters g B , g C , g D should be selected such that the function g has a higher slope at higher loading conditions. A systematic design method is to select g B , g C , g D by solving the following offline optimization problem:
where Cf is the cost function, C x is the penalty factor corresponding with loading condition x (x = A, B, C, D) and e x is current sharing error at point x. The cost function, which is a merit for the sharing accuracy, is defined as the weighted sum of the current sharing error at each of the loading points. By selecting a larger penalty factor (weight) for higher loading conditions, the prominence of improved sharing accuracy at high load currents is highlighted. Here, penalty factors are selected as
The optimization problem (19)- (21) is solved numerically by using the direct search method [37] . In this method, each of the variables g B , g C , g D are discretized with steps of 0.01 the interval [0, 1]. For each of the possible combinations, the function g is constructed and the current sharing error corresponding to points A, B, C, and D is calculated according to (13) . Then, the cost is obtained from (19) . The optimum solution, i.e., the combination with the lowest cost is found as: g B = 0.33, g C = 0.46, and g D = 0.62. Thanks to the small number of variables, the computation time for obtaining the solution is as short as a few seconds on a core i5 PC.
The peak detector instantaneously increases the adaptive virtual resistance during step load rises. When the load drops, however, the virtual resistance drops with a time constant τ . The parameter τ must be much larger than the time constant of the droop controller as well as the period of the peak current signal to decouple the dynamics of the droop controller from the peak detector and ensure smooth variations of the virtual resistance. On the other hand, the peak detector must be fast enough to allow the virtual resistance settle at steady state before the next load rise. The designing of inner control loops and the secondary controller has been addressed in [10] , [38] , and [39] .
V. EXPERIMENTAL RESULTS
The proposed method has been implemented on a laboratory scale test bed illustrated in Fig. 6 . The testbed was prototyped in the Microgrid Laboratory at Aalborg University [40] . The testbed includes four DG units and two loads interconnected through resistive line models. Each DG unit is composed of a 2.2-kW inverter followed by an LCL filter. A programmable dc power source supplies the inverters. The MG supplies a linear balanced (R load) as well as a nonlinear unbalanced (NL load), which is comprised of a single phase rectifier connected between phases a and b. This MG was assembled based on two experimental setups. Each of the setups is equipped with a Securecync R GPS receivers from Spectracom and a dSPACE 1006 digital control platform. An Ethernet communication link is used for broadcasting the secondary controller signal to the local controllers. Each of the dSPACE controllers are connected to a desktop PC, which uses the "dSPACE Control Desk" program for management of the dSPACE signals and commands. The experimental results (except SLB voltage) are captured using the "dSPACE control desk" and plotted in MATLAB.
The specifications of the test bed as well as the control parameters are listed in Table I . The LCL filter is designed based 
on the procedure proposed in [41] . To reduce inverter losses, the maximum switching ripple current is selected as 20% of the nominal current, i.e., 1 A. As a result, the converter side inductance (L f ) is calculated as 0.04 p.u. (approximately 8.6 mH) [42] . In order to reduce the output current ripple while maintaining the capacitor reactive power below 0.1 p.u., the filter capacitor (C f ) is selected as 0.1 p.u. (approximately 4.5 µF). Finally, assuming a desirable output current ripple of 1%, the output inductance (L o ) is calculated as 1.8 mH [41] . The load impedances are selected so that the full load current is close to the inverters rated power. The R/X ratio of lines is selected around 7 to mimic typical low-voltage feeders [43] . To model a LBC link, the data rate is limited to 100 sample/s and an intentional delay of 10 ms is introduced for each of the links. The performance of the MG is investigated under seven case studies.
A. Effect of Adaptive Virtual Resistance and Secondary Control
In the first case, the effect of the proposed adaptive droop function and secondary controller on the current sharing accuracy and power quality is studied. The experimental results for this case are shown in Fig. 7 . Prior to t = 3 s, a fixed virtual resistance is adopted by setting the droop function in (11), equal to 1. From Fig. 7(a) , it is observed that P1, P2, P3, and P4 are 910, 960, 1020, 1050 W, respectively. Therefore, the DGs which are electrically closer to the load pick up a larger share from the load. The sharing error is also reflected in peak current, as shown in Fig. 7(b) . The rms voltages at the SLB are within the standard range of 0.95-1.05 p.u. thanks to the smart selection of the virtual resistance. However, as shown in Fig. 7(e) , the SLB voltage quality is degraded. Particularly, the unbalance factor is at 2.7%, and the positive and negative sequence components of the third harmonic (H3+, H3-) are at around 1.7%. Furthermore, the positive and negative components of the fifth harmonic (H5+, H5-) are at around 0.6%, respectively. It is worth mentioning that the higher order harmonics are negligible, hence are not shown for brevity.
Around t = 3 s, the adaptive virtual resistance is activated. As shown in Fig. 7(c) , the DGs which are electrically closer to the load adopt a larger virtual resistance. This way, the adverse effect of line impedances on current sharing accuracy is reduced. As a result, the load sharing accuracy is improved, as depicted in Fig. 7(b) .
Around t = 6 s, the secondary controller is activated to regulate the SLB voltage is regulated at 1 p.u. and eliminate the voltage distortions. The harmonic compensation results in an increase of the load current, which in turn causes the DG currents to increase. Consequently, the adaptive virtual resistances are increased to improve the sharing accuracy [see Fig. 7(c)] .
B. Step Load Response
In the cases 2,3,4,6, and 7 the nonlinear load is switched on and off to study the step load response. The second case study examines the performance of conventional method based on power droops, which is discussed in Section II-A. The control parameters for the second scenario are listed in Table II . The droop coefficients are designed based on the eigenvalue analysis [16] and the virtual resistance is selected so as to limit the voltage within 0.95-1.05 p.u.
The experimental results for the case 2 are illustrated in Fig. 8 . As shown in Fig. 8(a) and (c), DG unit 4, which is electrically closer to the nonlinear load, supplies the largest share of active power (P4) and current (I4) followed by units 3, 2, and 1. Because reactive power coordination is conducted based on frequency, which is a global parameter as opposed to voltage, Q sharing is accurate [see Fig. 8(b) ]. Nevertheless, the current sharing is inaccurate, which results in I4 exceeding the rated value (5 A). As shown in Fig. 8(d) , the SLB voltage is distorted following the connection of the nonlinear load. As a consequence, the third and fifth harmonic of line ab are increased to 2.8% and 1.2%, respectively [see Fig. 8(e) ]. Furthermore, the THD is around 3.2%, 1.5%, and 1.8% for lines ab, bc, and ca, respectively.
In the third case, the step load change response of the proposed droop method without secondary control layer is investigated. The experimental results for the case 3 are illustrated in Fig. 9 . Comparing Figs. 8(c) and 9 (c) reveals the improved current sharing accuracy of the proposed droop method. The enhanced current sharing is achieved by adaptive adjustment of virtual resistances according to the output current. Specifically, the virtual resistance of unit 4 is increased above other units, which results in the decrease of P4 below P3 and P2 [see Fig. 9(a) ]. As shown in Fig. 9(b) , although reactive power sharing is not ideal, the sharing error is less than 0.01 p.u. Moreover, the voltage harmonics are almost the same as the conventional method, as shown in Fig. 9(d) and (e).
In the fourth case, the proposed method with secondary control layer is tested. The experimental results for this case are shown in Fig. 10 . Comparison of Figs. 9(a) and 10(a) reveals that the secondary controller improves the accuracy of active power sharing. Since the dynamics of the secondary control layer are relatively slow, the SLB voltage experiences transient distortions following the load changes [see Fig. 10(d) ]. However, the instantaneous voltages are within the permissible range of 0.95 p.u. to 1.05 pu. Furthermore, as shown in Fig. 10(e) , the third and fifth harmonics of the SLB voltage are eliminated in the steady-state. As a result, the voltage THD corresponding to lines ab, bc, and ca is reduced from 3.3%, 1.5%, and 1.8% in the third case to 1%, 0.8%, and 0.85%, respectively.
C. Plug and Play (P'n'P) Operation
The fifth study demonstrates the P'n'P feature of the proposed strategy. In this scenario, the DG unit 4 is disconnected from and reconnected to the MG at t = 1 and 6.5 s, respectively. As shown in Fig. 11(a) and (b) , following the outage of unit 4, the power and current of units 1-3 are increased to maintain the load/generation balance. Although unit 4 is electrically disconnected from the MG but its voltage remains synchronized with the grid thanks to the GPS synchronization technology. This facilitates the reconnection of unit 4 and ensures a smooth reconnection. From Fig. 11(c) and (d) , it is observed that the voltage deviation and harmonic distortion exhibit a small increase during the transients but are changed back to zero within less than a second.
D. Effect of Network Impedance
Although the proposed droop control method is developed for MGs with low X/R ratio, it is also applicable to the MGs with inductive network impedance. In the sixth case, the effect of network X/R ratio on the current sharing accuracy is investigated by performing the step load change test under the following conditions: 1) lines are modeled by 0.22-Ω resistors and 2) lines are modeled by 0.5-mH inductors. The experimental results for the resistive and inductive line cases are shown in Fig. 12 . It is observed that in case of inductive network, I4 contains more distortion compared to other units. The reason is the degraded current sharing accuracy at high-order harmonics due to the larger line impedance at higher frequencies. Nevertheless, the peak current of all units are almost the same in both resistive and inductive cases. Therefore, overcurrent stresses are prevented regardless of the network X/R ratio. From Fig. 12(b) and (d) , it is observed that in both the cases the inverter voltages are regulated around the rated value. 
E. Effect of Communication Delays
In the last case, the effect of communication delays on the step load response is studied. To that end, the communication delay is increased from 10 to 100 ms and 200 ms and the step load change test is repeated. As shown in Fig. 13 , although the increase of communication delay slows down the distributed secondary controller, but the proposed method exhibits an acceptable performance for delays of up to 200 ms. It should be pointed out that modern communication technologies exhibit a much smaller delay (around 10-40 ms) [44] . 
VI. CONCLUSION
The islanded MGs solely rely on the local DG units for voltage support and load/generation balance. On the other hand, the individual power electronic interfaced DG units have a relatively small capacity and are susceptible to overcurrent stresses. Therefore, an accurate load sharing strategy is crucial to prevent activating the overcurrent protection systems and possible damages.
In this paper, a new hierarchical control structure is proposed for improving power quality and current sharing accuracy of MGs. The control framework is comprised of primary level, which is responsible for fast and accurate sharing of instantaneous load current among the DG units and the secondary control, which facilitates accurate sharing of active power as well as compensating voltage distortions caused by nonlinear and unbalanced load currents. The proposed control framework takes advantage of GPS timing technology as a means for achieving fixed frequency operation and eliminating the transformation errors resulting from Park/inverse Park Transformations.
The proposed control architecture is independent of the system topology and does not require knowledge of line impedances. Since the current sharing is managed by the primary control level, which has a fast dynamic response, transient currents are also properly shared among the units. On the other hand, the large time constant of the secondary level enables implementation of the method with an LBC network. Experimental results demonstrate the efficacy of the presented approach in terms of current sharing accuracy and power quality.
The proposed method is a forward step toward the integration of GPS technology with the state-of-the-art control strategies in smart MGs. A future step is the incorporating of the GPS timing into grid connected control applications.
